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Abstract 
The goal of this project was to study the effects of composition and flavor on the viscoelastic 
properties of ice cream in order to enhance its textural quality. Samples of regular and chocolate ice 
cream with milkfat compositions ranging from 5% to 12% were tested to determine the key differences 
in viscosity, springiness, compressive strength, hardness, and stress relaxation. Typical hardness values, 
which best simulate mouthfeel, were measured to be 35.5 N and 18.6 N for 12% and 10% milkfat 
respectively. For the same milkfat, regular ice cream exhibited higher compressive strength and 
hardness and lower viscosity than chocolate ice cream. Such data are useful in assessing the overall 
quality during the production and handling of ice cream, as well as in developing a desirable mouthfeel.  
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1.0 Introduction 
 Unilever, Nestle, Wells, and plenty more all share a common interest, a dairy product craved by 
so many people across the world. The United States is a leading competitor in the ice cream market (2nd 
in sales to Western Europe, 2nd in production to Asia Pacific, 1st in consumption), where 9% of the milk 
produced by U.S. dairy farmers each year is used to produce enough ice cream to allow each American 
to eat about 50 pints of it (Goff & Hartel, 2013). That is almost 2 billion gallons of ice cream consumed in 
the United States each year alone. It’s no wonder why we all scream for ice cream.  
 Ice cream consists of seven different ingredient categories: fat, milk solids not fat (MSNF), 
sweeteners, emulsifiers, stabilizers, water, and flavors. These ingredients are blended together to form 
the mix, which is then frozen through a scraped surface freezer to incorporate air and blast chilled to an 
even lower temperature to allow for hardening (Clarke, 2012). Ice cream is a unique food product as it 
contains all three states of matter: solid (found in the ice crystals and fat globules), liquid (found in the 
sugar solution), and gas (found in the air bubbles). It is this distinct structure that makes ice cream such 
a substantial commodity across the world.  
In order to be quantified as ice cream, a frozen dairy dessert must adhere to a variety of 
regulations, the main ones being that it must contain a minimum of 10% milk solids and one gallon of it 
must weigh no less than 4.5 pounds. These regulations allow ice cream to be separated into 3 main 
groups, regular ice cream, premium ice cream, and low-fat/nonfat ice cream, each of which come in all 
shapes and flavors. Of these 3 groups, regular ice cream led in U.S. production of all frozen desserts 
between 1990 and 2010, with around 60% of the total production (Goff & Hartel, 2013). Due to this 
statistic, this project focused on the characteristics and testing of regular ice creams.  
The goal of this project was to test and compare the viscoelastic properties of regular ice creams 
with varying flavors and milkfat percentages. Ice cream is one of the most popular dairy products in the 
world due to its desired taste and texture. The texture, which can be defined as the physical and 
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mouthfeel characteristics of a food or drink, is very unique in ice cream due to the fact that it contains 
all three states of matter. This desired texture is essential for customer satisfaction and can be 
evaluated through a variety of viscoelastic and mechanical properties, which include its viscosity, 
compressive strength, hardness, stress relaxation, springiness, resilience, and gumminess. Mechanical 
tests for each of these properties were developed in order to compare the textural characteristics of 
regular ice creams due to different flavors and milkfat percentages. Such data are useful for food 
engineers in assessing the overall quality during the production and handling of ice cream, as well as in 
developing a desirable mouthfeel for the consumer. 
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2.0 Literature Review 
 
2.1 Structure of Ice Cream 
A typical composition of ice cream consists of four main parts: 50% air, 30% ice, 5% fat and 15% 
matrix (sugar solution) by volume. It therefore contains all three states of matter: solid (ice and fat), 
liquid (sugar solution) and gas (air). The solid and gas are in the form of small particles (ice crystals, fat 
droplets, and air bubbles) suspended in a liquid phase called the matrix (Goff & Hartel, 2013). This is also 
known as a colloidal dispersion, where small particles (or colloids) of one phase are dispersed in another 
continuous phase. Due to their small particle sizes (nanometers to microns) and large surface area to 
volume ratio, the surface properties of these phases play a large role in the properties of the entire 
system. Ice cream is simultaneously an emulsion (fat droplets), a sol (ice crystals) and a foam (air 
bubbles), with other colloids in the form of casein micelles and other proteins in the matrix (Clarke, 
2012). The structures for both an ice cream mix and ice cream can be seen in Figure 1 below. Larger air 
cells and ice crystals are intercalated within an unfrozen phase (the matrix) along with much smaller 
partially-coalesced fat particles.  
 
Figure 1- Difference in structure of ice cream mix and ice cream (Goff & Hartel, 2013) 
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Ice, a large factor in ice cream’s structure, is a crystalline solid in which the molecules are held in 
a hexagonal lattice by intermolecular forces. The molecules vibrate, but stay fixed in their positions in 
the lattice. If the temperature is raised, these vibrations become larger until, at the melting point, the 
molecules have enough energy to escape from their fixed positions. This causes the ice to melt into its 
liquid state in which the molecules remain close in contact but are able to move past each other. The ice 
crystal size distribution as well as the ice content has a large influence the properties of ice cream (Goff 
& Hartel, 2013).  
 
Figure 2- SEM image of frozen ice cream highlighting different structural parts (Clarke, 2012) 
One of the main causes in the deterioration of an ice cream structure is recrystallization. 
Recrystallization is defined as an increase in the average size and decrease in the total amount of ice 
crystals, all while the overall ice phase volume remains constant. The rate of recrystallization depends 
on the temperature; the lower the temperature, the slower the recrystallization. Recrystallization of a 
dispersion of ice crystals takes place due to the uneven sizes of the crystals and occurs by two 
mechanisms: accretion and Ostwald ripening (Clarke, 2012). Ostwald ripening can take place when the 
temperature is constant, but it is faster if the temperature fluctuates. It occurs when ice melts from all 
of the crystals, where the crystals which are initially large become smaller, and those which are initially 
small disappear completely, and then is cooled down again, where ice that had melted freezes again. 
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Since the ice cannot form on the crystals that have disappeared and the nucleation of new crystals is not 
possible, it refreezes on the crystals that have survived. While the total amount of ice is unchanged, the 
size of the remaining ice crystals increases dramatically, causing for a much coarser product (Goff & 
Hartel, 2013). The second coarsening mechanism is accretion. When two ice crystals come in contact 
with each other, a neck begins to form between them and is filled in until eventually the two crystals 
become one. This leads to an uneven distribution of ice crystal size through the matrix, leading to a 
coarsened structure.  
 
2.2 Key Ingredients in Ice Cream  
 Ice cream consists of a variety of ingredient categories that include air, water, fat, milk-solid-non 
-fat (MSNF), sugars/sweeteners, stabilizers, emulsifiers, and flavoring/coloring agents. Each category 
plays an important role on the structure of ice cream, which is divided into four main parts: air bubbles, 
fat droplets, ice crystals, and the matrix. The relationship between each ingredient category and the 
structural component it affects can be seen below in Figure 3.  
 
Figure 3- Relationship of different ingredients and structural components of ice cream (Clarke, 2012) 
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2.2.1 Milk Fats and Proteins 
Milk is a structurally complex physiochemical system. Its components are dispersed in true 
solution (lactose, whey proteins, some minerals, and minor components), as colloids (casein and 
complex minerals) and as an emulsion (milk fat).  
Milk fat is suspended in milk as tiny globules that are held in an emulsified state and charges on 
the globule membranes cause them to be repulsed from each other. The fat component of ice cream 
mixes provide  increases the richness of flavor (especially milk fat), produce a characteristic smooth 
texture by lubricating the palate, help give body to the structure, and aids in producing desirable melting 
properties. The fat in a mix also aids in lubricating the freezer barrel while the ice cream is being frozen. 
During freezing of ice cream, the fat emulsion that exists in the mix will partially coalesce (destabilize) as 
a result of the emulsifier, air incorporation, ice crystallization, and high shear forces of the dasher and 
scraper blades in the dynamic freezer barrel. This partial coalescence is necessary to set up the structure 
and texture in ice cream (Goff & Hartel, 2013). 
Milk proteins have two main functions, to stabilize the water-continuous emulsion and foam 
present in ice cream, as well as to contribute to the ice cream’s flavor. The two major milk proteins are 
casein, or surface-active colloidal proteins with both hydrophilic and hydrophobic ends, and whey, or 
globular surface-active proteins. They work to form and stabilize air pockets in ice cream to give it its 
unique structure (Clarke, 2012).  
2.2.2 Sugars 
 Sugar serves not only to aid in the flavor of ice cream (sweetener), but also to help in controlling 
the ice content. Sugar is a solute that lowers the freezing point of the ice cream mix, leading to a smaller 
amount of ice crystals and therefore a softer ice cream. Along with hardness, sugar also affects the 
viscosity of the ice cream matrix. The higher degree of polymerization present in the sugar, the more 
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viscous the mix is. Common sugars found in ice cream include sucrose, dextrose, fructose, lactose, corn 
syrup, and sugar alcohol (Clarke, 2012).  
2.2.3 Emulsifiers 
 Emulsifiers are surface active components that help stabilize air pockets by de-emulsifying a 
portion of fat. Monoglycerides and diglycerides are the most common emulsifiers used for ice cream 
due to their hydrophilic heads and hydrophobic ends. They can be found in the hydrogenation of 
vegetable fats such as palm oils and soybean oils. Egg yolks are also used as emulsifiers in some ice 
creams (Clarke, 2012). 
 In a study done on the relationship between the colloidal properties of ice cream mix and ice 
cream, an increase of emulsification lead to an increase in fat destabilization, along with a subsequent 
decrease in melting rate and enhanced shape retention during melting (Bolliger et. Al, 2000). This was 
due to the fact that the increase in emulsifiers significantly depleted protein from the fat globules in the 
mix. This can be seen below in Figure 4 below.  
 
Figure 4- SEM image of air bubbles in frozen ice cream, showing increased adsorption of fat with increased emulsification 
(Bollinger et. al, 2000) 
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2.2.4 Stabilizers 
 Stabilizers are used in ice cream to slow down the melting rate, prevent moisture loss and 
shrinkage, control ice crystal growth, and stabilize the foam structure. They are water-soluble polymers 
that contain hydroxyl functional groups and high molecular weights, which aid in increasing the viscosity 
of the ice cream matrix. The most common stabilizers used in ice cream are carrageenan, xanthan gum, 
locust bean gum, and guar gum (Clarke, 2012).  
2.2.4.1 Carrageenan 
Carrageenan is a sulfated linear polysaccharide, which reacts with casein by forming ionic 
linkages between sulfate groups and charged amino acids. They are widely used in the food industry for 
their gelling, thickening, and stabilizing properties.  
Carrageenan is available in several types, the most common of which are kappa, iota and 
lambda. For lowfat and soft-serve ice cream compositions, kappa carrageenan often is used for its gel-
forming functionality and its reactivity with casein, which prevents whey separation. Kappa is mainly 
added when an aging step exists in the manufacturer's process. A kappa-iota blend is sometimes 
preferred for manufacturers in order to keep kappa from forming a brittle gel. Lambda blends can also 
be used for ice creams with sufficient fat to stabilize without gelling (Klahorst, 1997). In Figure 5 below, 
the effects of carrageenan can be seen. As the levels of the stabilizer increases, the ice crystal size of the 
ice cream becomes more uniform and smaller due to its ability to retard ice crystal growth. 
 
Figure 5- Effects of carrageenan on ice cream (Goff and Hartel, 2013) 
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2.2.4.2 Guar Gum 
Guar gum is a widely used ice cream stabilizer that isolated from the seeds of a shrub grown in 
India. Guar is preferred due to its relatively low cost and the body it contributes to the product. Guar 
gum hydrates well in cold water, and often is used in combination with carrageenan and Locust Bean 
Gum (Klahorst, 1997). 
2.2.4.3 Locust Bean Gum 
Unlike carrageenan, locust bean gum (LBG) does not form a gel, and compared to guar gum, it 
creates a less gummy texture. LBG requires heating to 170°F for full hydration, usually achieved during 
pasteurization. LBG enhances aeration, and imparts good body to ice cream. Used alone, it can cause 
whey-off during processing, so it usually is used in combination with carrageenan (Klahorst, 1997).  
2.3 Manufacturing Process 
The main manufacturing procedure used to produce a smooth textured ice cream is a scraped-
surface freezer, which is used to control the amount and size of ice crystals in ice cream during initial 
freezing. Figures 6 and 7 below show the process behind the scraped-surface freezer, in which a rotating 
scraper blade continually scrapes newly formed ice crystals that have formed on the freezer wall and 
disperse them into the center of the barrel. The ice cream mix begins at 2-4 °C and exits the barrel at 
around -5 °C with a soft-serve like consistency. This is then cooled to even lower temperatures for a 
minimum of 2 hours in order to allow the ice cream to harden. This step does not allow for new ice 
crystals to form; instead, the existing ice crystals grow in size. Even though the hardening temperature is 
low (about -18 °C), the amount of frozen water is still only around 75-80% due to the fact that the glass 
transition temperature of ice cream is still lower (Goff & Hartel, 2013).  
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Figure 6- Scraped surface freezer kinematics (Goff & Hartel, 2013) 
The manufacturing of ice cream takes place in 6 essential steps: mixing, pasteurization and 
homogenization, addition of flavor/color, ageing, freezing, and hardening. In mixing, liquid ingredients 
(water, milk, cream, etc.) are combined and act as the solvent for the dry ingredients, which are slowly 
added next. During pasteurization and homogenization, the unpasteurized mix is preheated with a 
pasteurized mix, which is them heated with hot water and ran through a homogenizer and 
pasteurization tube, cooled with water, chilled with glycol, and sent to an ageing tank. At this point, any 
additional flavors/colors are added and the mix is aged for a specific time at 0-4°C. The next step is the 
freezing process, which involves the scraped-surface freezer described above, and the final process 
involves hardening the resulting ice cream at around -30°C for a specific period of time (usually 2 hours) 
(Goff & Hartel, 2013). 
 
Figure 7- Description of scraper-surface freezer (Goff & Hartel, 2013) 
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2.4 Properties of Ice Cream 
 
2.4.1 Ice Cream Mix Properties 
2.4.1.1 Density 
The density of any material is its mass per unit volume. The density or specific gravity (density 
relative to water) of ice cream mix varies with composition. Increased levels of MSNF, sugars, and 
stabilizers increase density, whereas increased fat decreases mix density (fat has a density of about 0.9 
g/mL compared to 1.0 g/mL for pure water). Measurements of specific gravity are made with a 
hydrometer, while measurements of density are made by weighing a known volume of mix at a known 
temperature on a gravimetric balance. The density of ice cream mixes may vary from 1.0544 to 1.1232 
g/mL (Goff & Hartel, 2013).  
2.4.1.2 Viscosity 
Viscosity, or the resistance of a liquid to flow, is the internal friction that tends to resist the 
sliding of one element of fluid over another. It is defined as the shear stress (the imposed force per area) 
divided by the rate of shear (the velocity gradient resulting in the liquid as a result of the applied shear 
stress). If the shear stress-shear rate relationship is linear (viscosity is constant regardless of applied 
stress), the liquid is said to be Newtonian. Examples of Newtonian fluids include water and sugar syrups 
(e.g., corn syrup). Ice cream mix, however, is not a Newtonian fluid. It is pseudoplastic, where the 
viscosity decreases as shear rate increases. Thus, to characterize the viscous behavior of an ice cream 
mix, knowledge of the shear rate dependence is necessary (Goff & Hartel, 2013). 
Apparent viscosity is defined as the ratio of shear stress to shear rate at a specified shear rate 
and is often used to describe the viscosity of a pseudoplastic material, such as ice cream mix. For a 
pseudoplastic (shear-thinning) fluid like ice cream mix, apparent viscosity decreases as shear rate 
increases. This is important in mix handling since pump size is strongly influenced by fluid viscosity. Ice 
cream mix also exhibits thixotropy, which means that the apparent viscosity decreases with time if 
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applied with a constant shear stress. Thixotropy is common in colloidal-type liquids such as an ice cream 
mix and is due to rupture of interactions and associations (weak bonding) among the different 
components of mix (Goff & Hartel, 2013).  
A certain level of viscosity is essential for proper whipping and retention of air, and for good 
body and texture in the ice cream. The viscosity of a mix is affected by 3 main factors: composition, mix 
processing and handling, and temperature. Viscosity increases with increasing concentration of 
stabilizer, protein, fat and total solids. In processing and handling, elevated pasteurization temperatures, 
increasing homogenization pressures, and aging will each increase mix viscosity. Finally, since viscosity is 
temperature dependent, decreasing storage temperature will result in increased mix viscosity. Mix 
viscosity varies greatly in different ice creams, especially due to stabilizer addition. This indicates that 
viscosity is usually given in a range for ice creams, rather than a single value (Clarke, 2012).  
 
2.4.2 Ice Cream Properties 
2.4.2.1 Overrun 
As mentioned previously, a churning process during the freezing stage in manufacturing traps air 
within the liquid matrix, producing small colloids of air (air bubbles) throughout the mix. The amount of 
air incorporated in a foam is often reported as the overrun, or the ratio of the volume of gas (Vgas) to the 
volume of liquid (Vliquid), expressed as a percentage: 
𝑂𝑣𝑒𝑟𝑟𝑢𝑛 =
𝑉𝑔𝑎𝑠
𝑉𝑙𝑖𝑞𝑢𝑖𝑑
× 100％ =
𝑉𝑓𝑜𝑎𝑚  −  𝑉𝑙𝑖𝑞𝑢𝑖𝑑
𝑉𝑙𝑖𝑞𝑢𝑖𝑑
× 100％                                         (1) 
The overrun has a large impact on the textural and mechanical properties of ice cream. If an ice 
cream has a lower overrun (less air is incorporated), the result is a heavier, denser ice cream due to the 
increased effect of the fat globules and ice (Clarke, 2012). On the contrary if the overrun is high, the 
resulting ice cream is much lighter. The overrun also influences properties such as melting rate and 
shape retention during meltdown due to the air cell structure.  
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Stabilizers play a large role in increasing ice cream volume through increasing viscosity and 
stabilizing air bubbles. The addition of stabilizers aid in inhibiting the change in air cell size through a 
variety of coarsening mechanisms including disproportionation, coalescence, and drainage. Compared 
to ice creams without stabilizers, ice creams with stabilizers have smaller and more uniform air cell size 
(Bahramparvar & Tehrani, 2011).  
2.4.2.2 Viscoelasticity  
Rheology is a branch of physics concerned with the composition and structure of flowing and 
deformable materials. Many food systems exhibit behavior part way between liquids and solids, and this 
is referred to as viscoelasticity. Ice cream mix is primarily a viscous system whereas ice cream is 
primarily a viscoelastic system. The viscoelastic properties of a material can mainly be related to its 
storage and bulk moduli (G’, G”), mechanical properties which measure the stored energy, representing 
the elastic (solid) portion, and the energy dissipated as heat, representing the viscous (liquid) portion, of 
a viscoelastic material. These modulii are measured through stress tests under vibratory conditions 
(Clarke, 2012). The relationship between the storage and bulk moduli with temperature can be seen in 
Figure 8 below, where a higher G’ value represents a solid gel, while a higher G” value represents a 
liquid.  
 
Figure 8- Storage (G') and bulk (G") moduli of ice cream with change in temperature (Clarke, 2012) 
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 The viscoelasticity of ice cream plays an important role in the texture of ice cream due to the 
effects of both the elastic and viscous properties. When stresses/forces are applied to a viscoelastic 
solid, a continuous deformation is observed. When the force is removed, some recovery of the original 
shape takes place (elastic behavior), but a full recovery is never possible (viscous behavior). These elastic 
and viscous effects correlate to the mouthfeel or texture ice cream exhibits when being compressed 
between teeth or manipulated with the tongue. Along with the measure of the storage and loss moduli 
utilizing oscillatory testing, these viscoelastic behaviors can be measured a variety of ways through a 
variety of different properties. The Deborah number, which relates the characteristic relaxation time 
with the time of deformation, is a simple way of determining the viscoelastic behavior in a material. 
While a high Deborah number correlates to solid-like (elastic) materials, a low Deborah number 
corresponds to liquid-like (viscous) materials (Bourne, 2002).  In a research experiment studying the 
rheological properties of ice cream, Adapa et al. (2000) found that the elastic behavior of ice cream 
increased with increasing fat content.  
2.4.2.3 Hardness 
 Hardness of ice cream is measured as the resistance of the ice cream to deformation when an 
external force is applied, and is calculated as the maximum force that is withstood during a puncture 
test. It is affected by factors such as ice phase volume, ice crystal size, overrun, and extent of fat 
destabilization. An inverse relationship between hardness and overrun has been noted by many 
researchers (Muse & Hartel, 2004).  While Sakurai et al. (1996) found that hardness in ice creams 
increased with increasing the amount of large ice crystals, Wilbey et al. (1998) found that the hardness 
of ice cream was exponentially related to the ice phase volume. The fat network also affects hardness, 
where Tharp et al. (1998) found that the hardness of ice cream increased as the level of destabilized fat 
increased. Hardness is an essential property for foods because it represents the force needed to 
masticate (chew) as well as the ability to “scoop” or handle ice cream. Hardness is an important 
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property to consider when studying the viscoelastic properties of a material because it is highly 
dependent on the rheological properties of the liquid mix. As the apparent viscosity of an ice cream mix 
increases, ice cream becomes harder (Muse & Hartel, 2004). The microstructure of ice creams with 
different hardness values can be seen below, where the coarser structure on the left resulted in a 
harder ice cream than the more uniform structure on the right.  
 
Figure 9- Microstructure of harder (a) and softer (b) ice creams. A=air bubble; I=ice crystal; Bar=50 µm (Inoue et al., 2009) 
 
2.4.2.4 Stress Relaxation 
Stress relaxation is a time dependent process that allows a material to slowly relax at a constant 
strain, leading to a decrease in the stress performed on that sample. This property differs from creep in 
that creep shows strain as a function of time at a constant stress. Stress relaxation tests are simple and 
inexpensive tests that provide valuable information on the rheological parameters of viscoelastic foods 
(Heldman et al., 2010). Mechanical models, which consist of the elastic (spring) and/or viscous (dashpot) 
elements, can be used to describe the viscoelastic behavior of materials. For stress relaxation, the 
Maxwell model, which represents a combination of the spring and dashpot elements in series, is best 
used to describe the stress relaxation of viscoelastic properties. 
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2.4.2.5 Compressive Strength 
 Compression simulates forces required when eating ice cream (compressed between the tongue 
and the roof of the mouth) as well as forces when ice cream is being extruded or packaged during 
processing. The compressive strength, which corresponds to the highest compressive force exhibited 
during compression, and the compressive Young’s modulus, which represents the maximum slope of the 
compression curve, both correlate to the elastic behavior of ice cream. A high compressive strength 
indicates a strong material, while a high Young’s modulus represents a stiff material. An example of a 
stress-strain curve produced by compression tests can be seen below.  
 
Figure 10- Example of a compression stress-strain curve 
 
2.4.2.6 Texture Profile Analysis 
 The most common way of testing viscoelastic food systems such as ice cream is through the use 
of texture profile analysis, which calculates a variety of different sensory/textural properties. Some of 
these properties include gumminess, firmness, springiness, and resilience. Most texture profile analyses 
are done in a two-step compression process, where there is usually a wait time in between the first and 
second compressions. An example of the process can be seen in Figure 11 below. While resilience is the 
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measure of the instantaneous elastic recovery that occurs during the first compression, springiness is 
the measure of the elastic recovery that takes place during the wait time between both compressions. 
Gumminess is defined as the measure of the energy or force required to disintegrate a semi-solid food 
product. Similarly, chewiness is the measure of the energy or force required to chew a food to the point 
required for swallowing it, but it is exclusively for solid foods rather than semi-solid foods. This means 
that gumminess and chewiness are mutually exclusive since a food product cannot be both a solid and a 
semi-solid at the same time (Bourne, 2002). A detailed description of these properties will be found in 
sections 4.6 and 5.5.  
 
Figure 11- Schematic example of a Texture Profile Analysis (Bourne, 2002) 
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3.0 Objectives 
 
1. Model ice cream as a mechanical structure 
2. Develop a testing protocol to measure viscoelastic properties such as hardness, compressive 
strength, viscosity, stress relaxation, and springiness  
3. Study the effect of variables such as ice cream type and fat content  
4. Analyze the data to define recommendations for optimizing the textural quality of ice cream 
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4.0 Methodology 
4.1 Obtaining Ice Cream Mix 
 In order to do a preliminary study on the effects of composition and flavor, a variety of ice 
cream mixes were required. After reaching out to a variety of commercial manufacturers, Friendly’s Ice 
Cream, LLC was able to provide the project group with a variety of different white (vanilla) mixes of 
different milkfat percentages (5%, 10.3%, 12%) and a 12% chocolate mix. The two variables of the 
experiments were flavor (chocolate and vanilla) and milkfat percentage. The difference in recipes can be 
seen below in Table 1.  
Table 1- Difference in Friendly’s ice cream recipes utilized for testing 
10% and 12% Vanilla* 5% Vanilla 12% Chocolate 
MILK, CREAM, CORN SYRUP, 
SKIM MILK, SUGAR, WHEY 
PROTEIN CONCENTRATE, WHEY, 
BUTTERMILK, VANILLA 
EXTRACT, GUAR GUM, MONO 
AND DIGLYCERIDES, XANTHAN 
GUM, CARRAGEENAN, 
ANNATTO EXTRACT AND 
TURMERIC (FOR COLOR) 
MILK, SKIM MILK, CORN SYRUP, 
SUGAR, CREAM, WHEY PROTEIN 
CONCENTRATE, TAPIOCA 
STARCH, VANILLA EXTRACT, 
GUAR GUM, 
MICROCRYSTALLINE CELLULOSE, 
MONO AND DIGLYCERIDES, 
CELLULOSE GUM, XANTHAN 
GUM, LOCUST BEAN GUM, 
CARRAGEENAN, VITAMIN A 
PALMITATE, ANNATTO EXTRACT 
AND TURMERIC (FOR COLOR) 
MILK, CREAM, SKIM MILK, 
SUGAR, CORN SYRUP, COCOA 
(PROCESSED WITH ALKALI), 
WHEY PROTEIN CONCENTRATE, 
WHEY, BUTTERMILK, GUAR 
GUM, MONO AND 
DIGLYCERIDES, XANTHAN GUM, 
CARRAGEENAN 
* While both the 10% and 12% vanilla ice cream have the same recipe, different formulations of milk, stabilizers, and emulsifiers 
are used 
 
4.2 Preparing the Sample 
Developing a method to prepare reproducible and testable samples was essential for the study. 
In order to ensure a uniform and repeatable testing protocol, reproducible samples of ice cream were 
required. In order to make these samples, the least amount of alteration to the ice cream was important 
in order to keep the structure of ice cream unaltered. Instead of cutting samples from premade ice 
25 | P a g e  
 
cream, which causes melting and a change in the surface structure of the ice cream, an ice cream mold 
approach was taken. After multiple iterations and ideas, including a 3D printed retractable cubic mold 
shown below, a disposable mold was developed utilizing a small paper cup/container and a silicone 
spray lubricant. A Cuisinart Frozen Yogurt – Ice Cream & Sorbet Maker was utilized as the ice cream 
machine due to its close resemblance to an industrial scrap-surface freezer.  
 
Figure 12- Different failed approaches at molding ice cream. Left: Rectangular baking pan mold. Right: Project group’s designed 
and 3D printed cubic mold 
When preparing the sample for testing, it was critical to keep the ingredients and mixer as cold 
as possible to minimize crystal size in the final product and to aerate the mix as it is blended. To prepare 
the ice cream maker, a cold mixing bowl was placed into a freezer set to -20℃. The ice cream mixes 
were stored in the refrigerator before use, and the sample cups were stored in the freezer so that the 
inside surface were as cold as possible. After 18 hours of freezing, the frozen mixing bowl was placed 
onto the ice cream maker’s base and turned on. The plastic cover/safeguard was put into place over the 
rotating bowl along with the scraper. Using a liquid measuring cup, four cups of the cold ice cream mix 
were poured into the ice cream maker and churned for 20 minutes. When the churning was almost 
complete, the sample cups were removed from the freezer and coated on the inside with liquid silicone. 
When the mixing was complete, the prepared cups were carefully filled to the top with the ice cream, 
which was similar to a soft-serve-like consistency, avoiding air bubbles. The tops of the samples were 
leveled off with a flat scraper and then covered with plastic wrap and placed in the freezer on a flat 
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surface. The samples aged in the freezer at -20°C for two hours, and then left in the freezer for 24 hours 
before testing.  
To de-mold the sample, the plastic wrap was removed and the paper cup was carefully peeled 
away from the sample, starting at the seam and working around until the sample was freed from the 
cup. The samples were then immediately transferred to the testing area within the same lab. In the case 
of hardness testing, taller sample cups were used to obtain a higher sample that could experience 
deeper penetration depths by the probes. For this test, the sample cups did not need to be coated with 
liquid silicone and the cup did not have to be removed for testing.  
 
 
Figure 13- Flow chart of producing samples 
 
4.3 Compression Testing 
To conduct compression testing of the samples, the Instron machine was covered with the 
proper amount of plastic wrap. The ice cream showed signs of melting during compression due to the 
tests being performed at room temperature, so plastic wrap was necessary to prevent it from damaging 
the machine. Once the machine was ready for use, the correct units (Metric) and testing parameters 
(max force, speed) were entered in the Instron program on both the computer and machine panel. To 
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replicate appropriate human biting force, the speed was set to be no less than 10mm/min and no 
greater than 50mm/min, and the maximum force was set to 1000N. In our testing, we tested three 
samples each at 10 mm/min, 17.5 mm/min, and 25 mm/min for every type of ice cream in the 
experiment. We used samples of 5% milkfat white mix, 10% milkfat white mix, 12% milkfat white mix, 
and 12% milkfat chocolate mix. By using different flavors and milkfats (the two variables), the results 
from each test could be compared to determine the effect of flavor or milkfat percentage on textural 
properties.  
 
Figure 14- Compression test of chocolate ice cream 
With the system set up, the sample was removed from the freezer, carefully removed from the 
paper cup mold, and placed on the testing base part of the Instron machine. To prevent sliding, a piece 
of sandpaper was placed beneath the ice cream sample. The machine’s compression probe was jogged 
down so that the probe was almost touching the sample. After balancing and calibrating the position of 
the machine, the program on the computer was started, which began plotting the force and time data 
points. At this point, the compression probe began to compress the sample after the downward 
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movement process was selected on the Instron panel. Once the moving part on the machine hit the 
sample, the graph on the computer program began to jump up, indicating a responsive force from the 
sample as it deformed. Data was recorded with the downwards compressive force until one-third of the 
sample had been deformed, at which point the machine was stopped. The force and time data were 
then saved and utilized to create force-deformation and stress-strain curves using Microsoft Excel. 
 
4.4 Stress Relaxation Testing 
 For testing ice cream, stress relaxation tests were performed in order to determine the effect 
and severity of melting that was exhibited due to room temperature exposure. Stress relaxation testing 
was done immediately after the compression test. Once the sample reached one-third height 
deformation, the machine was stopped to allow a constant stress to act on the sample in order to 
determine properties of the elastic recovery of the ice cream. Once the stop button on the Instron panel 
was pressed, the force-time data points continued to be recorded until the graph leveled off. The graph 
gradually moved downwards and leveled off at some horizontal asymptote, usually zero. If it leveled off 
at a value greater than zero, then some ice cream was still stuck to the compression probe, so the 
moving part was then sent back up at the same speed as before until the graph hit zero. Once the graph 
leveled off at zero, the program was stopped and the compression probe was jogged up so that the 
sample could be removed and discarded. The force and time data were then saved and used to create 
force-time curves in order to calculate the recovery time of the samples. An example of the stress 
relaxation curve can be seen below.  
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Figure 15- Example of a relaxation curve exhibited by a viscoelastic material 
 
4.5 Hardness Testing 
The first step in conducting the hardness tests involved determining the probes that would be 
used on the samples. Two custom probes were designed using SolidWorks and manufactured to fit the 
sample size based on the design specifications of numerous literature reviews. The two probes consisted 
of a 60° cone probe with a diameter of 3/8” and a knife blade with dimensions of 1/8” by 3/8” and a 
chisel blade angle of 45°. The probes were long enough to fit securely into the clamp attachment on the 
Instron machine with enough room to penetrate the samples to a depth of half of the height of the 
sample. The machine utilized the clamp attachment on the moving part of the Instron machine and a 
flat surface below for the sample to rest on. Once the machine was turned on, the proper units and 
testing parameters were entered on the Instron panel and in the computer program. We tested all 
samples at 25 mm/min, the highest strain rate used in the compression test, with a maximum force of 
1000N. For this test, we used conducted three tests per probe for the 10% white mix, 12% white mix, 
and 12% chocolate mix.  
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Figure 16- Manufactured hardness probes. Top: 60° cone probe, Bottom: Knife probe 
Once the program and machine were both set up, a sample cup was placed on the center of the 
testing base. It was important to minimize time between the removal of the sample from the freezer, 
transporting it to the Instron machine, and beginning the hardness test so that the effects of warming 
were minimized. The probe was jogged down to where it was almost touching the surface at the center 
of the sample. The machine was balanced and calibrated at this position, and then started in order to 
plot force and time data points. The plot did not jump up when the probe immediately punctured the 
sample, so once the plot initially began recording force values, we set a fixed time of 60 seconds before 
stopping the machine to allow the probe to reach the center of the sample. After the 60 seconds, the 
machine was stopped and the data were saved and converted to excel to form force-time curves. The 
hardness value was determined from the force and time data as the peak compression force during 
penetration. 
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 Figure 17- Hardness test using knife probe and Instron machine 
 
4.6 Advanced Textural Analysis  
To conduct the advanced textural analysis, the same program setup and Instron machine setup 
as the compression tests were used. Three samples of the 10% plain, 12% plain, and 12% chocolate were 
tested at 17.5 mm/min. After the first compression reached its peak, the compression probe was 
stopped and brought back up, all while still recording the data points. Once the values settled at zero, 
the downward movement process was repeated to allow the compression probe to compress the 
sample until a second peak force was established. This simulated mastication and the effect of multiple 
bites in succession on the sample. Once the sample was allowed to recover from the second 
compression, the machine was stopped and the data was saved. By using the force and time values for 
both of the peaks, properties including springiness, gumminess, and resilience of each sample was 
calculated based on relationships between the max force recorded for each compression peak, the 
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length of time it took to reach a compressive peak during each compression, and the area under each 
peak. Based upon the values indicated in Figure 18, the following equations were utilized to determine 
the textural properties of resilience, springiness, and gumminess.  
𝑅𝑒𝑠𝑖𝑙𝑖𝑒𝑛𝑐𝑒 =
𝐴𝑟𝑒𝑎 4
𝐴𝑟𝑒𝑎 3
                                                                         (2) 
𝑆𝑝𝑟𝑖𝑛𝑔𝑖𝑛𝑒𝑠𝑠 =
𝐿𝑒𝑛𝑔𝑡ℎ 2
𝐿𝑒𝑛𝑔𝑡ℎ 1
                                                                    (3) 
𝐺𝑢𝑚𝑚𝑖𝑛𝑒𝑠𝑠 = 𝐹𝑜𝑟𝑐𝑒 1 ∗
𝐴𝑟𝑒𝑎 2
𝐴𝑟𝑒𝑎 1
                                                            (4) 
 
 
Figure 18- A typical graph for the advanced textural analysis, represented as force vs. time 
 
4.7 Viscosity Testing 
To conduct viscosity testing of the liquid mix, small samples of each type of mix were 
refrigerated to a temperature of around 4°C. Using a Brookfield Model DV-III + programmable 
rheometer, a small amount of the liquid mix (~0.5 mL) was placed into the rheometer’s chamber and 
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attached to the machine. Spindle 52 gave torque values that are too low (<10%), so spindle 40 was used 
to conduct the experiments. Each sample was tested at shear rates of 375, 750, and 1125 1/s (50, 100, 
and 150 RPM, respectively). For each type of mix at each shear rate, the values of Torque (%), Viscosity 
(mPa*s), and Shear Stress (N/m2) were recorded. After the measurements were recorded, the Power 
Law model was applied in order to determine the flow behavior index (n) and the consistency index (K). 
𝜂 = 𝐾?̇?𝑛−1                                                                                    (5) 
 
Figure 19- Brookfield Rheometer utilized for viscosity testing 
 
4.8 Design Applications 
 A considerate amount of design was accomplished before we could begin the testing procedures 
highlighted above. The first design process came in preparing the mold. After a few unsuccessful 
attempts with different molds, including a SolidWorks designed and 3D printed mold that was designed 
to slide away from the sample, we found that lubricating paper cups and peeling them away after they 
were prepared were the most effective molds. In order to portray the mold and get an accurate 
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measurement of the surface area and volume, we utilized SolidWorks to model the sample as seen 
below.  
 
Figure 20- SolidWorks model of our sample of ice cream 
 
 Within SolidWorks is a program called SimulationXpress Analysis Wizard, which was utilized to 
conduct a basic stress analysis test on the modeled sample. Due to the program not having ice cream as 
a material, a low density foam with similar properties to ice cream was used to conduct a computer 
simulated compression test on the sample. The test provided results of displacement and von Mises 
stress exhibited by the sample, which were used as an example of what to expect for the compression 
tests. As can be expected, the highest displacements were seen in the top contact surface of the sample 
and decreased down towards the base.  
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Figure 21- SimulationXpress Analysis done on foam modeled sample with highlighted deformation intensity levels and values  
 
 SolidWorks was also used to design the two different probes exhibited in the hardness tests. 
After small stock pieces of metal were purchased, two SolidWorks parts were developed to aid in the 
manufacture/machining of the 60° cone and knife probes at the Worcester Polytechnic Institute 
machine shop. The two computer designed parts can be seen in Figure 22. 
 
Figure 22- SolidWorks modeled 60° cone probe (left) and knife probe (right) 
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5.0 Results/Discussion 
5.1 Viscosity Measurements 
As mentioned above, viscosity plays a crucial role in the texture and body of ice cream. Viscosity 
tests with three different shear rates (50, 100, & 150 RPM) were conducted in order to compare the 
differences is viscosity between the different milkfat percentages and flavors.  
 
Figure 23- Measure of viscosity as a function of shear rate for liquid mixes 
As indicated in Figure 23, the viscosity of all three kinds of ice cream decreased as shear rate 
increased, revealing shear-thinning, or pseudoplastic, behavior. The chocolate ice cream produced 
higher viscosity values than the vanilla ice cream, while the viscosity of the vanilla ice cream increased 
with increasing milkfat percentage.  This is expected as viscosity usually increases with the amount of 
fat, where the 12% chocolate contains the most fat due to the natural fats found in cocoa. While the 
project group was not able to measure the viscosity of the ice cream itself due to limitations of the 
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rheometer that was used, the data measured from the liquid mixes are useful in understanding different 
effects the viscosity has on the textural quality and processing characteristics.  
An essential amount of viscosity is important for the whipping and retention of air (overrun) and 
providing the ice cream with a proper body and smooth texture. The pumping parameters used by 
manufacturers are also dependent on the viscosity values. Viscosity values for ice cream mixes usually 
range from 0.1 Pa*s to 0.8 Pa*s at 4°C (Goff & Hartel, 2013). Compared to these values, our values are 
much lower due to the fact that the rheometer that was used only required a small amount of liquid to 
test (~0.5 mL), so even though the liquid mixes were chilled to the ideal temperature, they were quickly 
heated to room temperature. It is proven that the lower the temperature of the mix, the greater the 
viscosity, so viscosity values in the range given may have been found if the mix was measured at the 
required ageing temperature.  
 
5.2 Compressive Strength Measurements 
 The compressive strength of ice cream is important to manufacturers to consider when handling 
and extruding ice cream. Compression tests were carried out on four different types of ice cream to 
compare the differences in compressive strength due to milkfat composition and flavor. The graph of 
force as a function of deformation for the four different ice creams penetrated to 40% at 25 mm/min, 
which simulates the closest crosshead speed simulated by the jaw or manufacturing machine that could 
be controlled by the Instron machine, can be seen below in Figure 24.  
 The first trend analyzed from the data was the effect of increasing feed rate. For all four 
formulations of ice cream, as the crosshead speed increased, the slope of the force vs. time graph 
increased and the time it took the sample to reach a yield stress decreased. This trend, which can be 
seen in the stress strain curves in the Appendix, is common in most materials, where an increase in the 
crosshead speed correlates to a more crystalline response (higher yield strength, lower ductility). 
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Figure 24- Compression test results for different compositions and flavors of ice cream at 25 mm/min 
 
As shown on the graph above, the 12% plain and 12% chocolate contain similar strong 
compressive strengths and moduli, which decrease as the milkfat percentage decreases. This can be 
correlated to the increase in fat particles present in the higher milkfat ice creams. This implies that 
higher milkfat percentages require more force to masticate and manufacture, which are essential for the 
consumers to understand when producing optimal ice cream qualities.   
The compression tests done at 25 mm/min exhibited a small plateau portion before reaching its 
maximum compressive force. This can be accredited to the air bubbles inside the ice cream’s foam 
structure compressing, causing a slight plateau to occur at that point. Similar behavior can be seen in 
the compression of other open and closed cell foams such as bread and pound cake, seen below.  
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Figure 25- TPA compression of pound cake (TPA, 2014) 
 
Figure 26- TPA compression of hard wheat bread (TPA, 2014) 
For the lower crosshead speeds, mixed results were found. The 10% plain mix showed the 
highest compressive strength and modulus for both the 10 mm/min and 17.5 mm/min crosshead 
speeds. Chocolate also showed very low compressive strengths for the 10 mm/min speed. These results 
can be attributed to the effects of melting that were present during the tests, along with the different 
amounts of stabilizers utilized in each formulation of ice cream. Due to the room temperature that was 
present during testing, melting was observed for all of the compression tests, but were most critical for 
the lower crosshead speeds. Along with the melting effects, the different formulations of ice cream each 
contained different additions of stabilizers, which play a large role in the melting characteristics of the 
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sample. The 10% plain ice cream would contain the most stabilizers in order to provide the desired 
structure, where the chocolate ice cream requires the least amount of stabilizers due to its additional fat 
present in the cocoa. This explains why the 10% plain ice cream showed better compressive strength in 
the lower crosshead speeds where melting was prominent, while the chocolate samples were influenced 
heavily by melting in the 10 mm/min crosshead speed. Seen below are the force time curves for the 
other two crosshead speeds and a table listing the elastic moduli of the ice creams at different 
crosshead speeds. Calculations and stress strain curves can be found in the Appendix.  
 
Figure 27- Force vs. Time curve for 17.5mm/min feed rate 
 
Figure 28- Force vs. Time curve for 10 mm/min feed rate 
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Table 2- Elastic Moduli of the different ice creams at different strain rates  
 
5.3 Stress Relaxation Measurements 
 Stress relaxation tests were conducted after compression tests in order to illustrate the 
viscoelasticity of ice cream as well as to determine if melting was an essential aspect of the testing 
procedures. Stress relaxation curves exhibited after ice cream samples were compressed to 60% their 
initial height (40% penetration) at 25 mm/min can be seen below. 
  
 
5% Plain 10% Plain 12% Plain 
12% 
Chocolate 
10.0 mm/min 143.04 kPa 701.17 kPa 106.03 kPa 100.90 kPa 
17.5 mm/min 149.66 kPa 770.34 kPa 343.03 kPa 321.71 kPa 
25.0 mm/min 286.34 kPa 529.30 kPa 611.87 kPa 771.41 kPa 
Figure 29- Stress relaxation curves for 5% plain (blue), 10% plain (red), 12% plain (green) and 12% chocolate (purple) ice creams 
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From each curve, stress relaxation times were measured by determining the time it took the 
sample of ice cream to reach 60% of the maximum force that was applied to it. These results can be 
seen below in Table 3. The relaxation times increased as the percentage of milkfat increased, which can 
be related to higher milkfat percentages producing higher elastic (solid) characteristics. Comparing 
flavors, chocolate ice cream produced lower relaxation times than plain ice cream. This means plain ice 
cream is slightly more elastic (solid-like) than chocolate plain ice cream.  
Table 3- Measured stress relaxation times after 25 mm/min compression test 
Formulation Relaxation Time 
5% Plain 0.98 s 
10% Plain 1.99 s 
12% Plain 2.58 s 
12% Chocolate 2.16 s 
  
Stress relaxation times were also calculated using the relationship of viscosity and elastic 
modulus, where the viscosity of the ice cream is divided by the elastic modulus.  
𝑡𝑟 =
𝜂
𝐸
                                                                                              (6) 
As mentioned before, the viscosity of the ice cream could not be measured due to the 
limitations of the rheometer that was used. After finding that the Williams-Landel-Ferry (WLF) equation 
would not be sufficient for converting the viscosities of the liquid mix to the viscosity of the solid ice 
cream, research was done to find an approximate viscosity of ice cream that could be used for the 
equation. Leighton (1934) calculated the viscosity of ice cream utilizing the sagging beam method, which 
produced results in the range of 2*1010 centipoise (or 20 million Pa*s). From equation 6 and using the 
elastic moduli calculated from the compression tests, approximate relaxation times of 70, 38, 33, and 26 
43 | P a g e  
 
seconds were found for 5% plain, 10% plain, 12% plain, and 12% chocolate ice creams respectively. The 
large difference in the measured and calculated relaxation times correlates to the dominating effects of 
melting that were exhibited during the tests. 
The power law and Maxwell model were also used to describe the relaxation behavior. While 
the power law describes the behavior of the relaxation modulus as a function of time, the Maxwell 
model describes the relaxation time as compared to the stress. The two equations to sum up the laws 
and their corresponding results summarized in a table can be seen below. While E corresponds to the 
relaxation modulus, K and n are constants, t represents time, τ represents the relaxation time, and σ and 
σ0 relate to the stress and initial stress. 
𝐸 = 𝐾𝑡𝑛                                                                                    (7) 
 𝜎(𝑡) = 𝜎0 exp (−
𝑡
𝜏
)                                                                        (8) 
 
Table 4- Power Law Data for Modulus Relaxation Curves 
Sample 
Formulation 
Constant 
Strain 
Power Law  
𝑬 = 𝑲𝒕𝒏 
Maxwell  
Model 
5% Plain 0.45 𝐸 = 31502𝑡−0.701 σ = 35213exp(-t/τ) 
10% Plain 0.30 𝐸 = 33818𝑡−0.586 σ = 38979exp(-t/τ) 
12% Plain 0.40 𝐸 = 61752𝑡−0.763 σ = 40700exp(-t/τ) 
12% Chocolate 0.45 𝐸 = 63196𝑡−1.033 σ = 43491exp(-t/τ) 
 
Another trend was found in the relaxation curves seen above. The relaxation curves for the 10% 
plain, 12% plain, and 12% chocolate all form a small plateau towards the beginning of the stress 
relaxation, which is correlated to the ice cream adhering to the probe. As it begins to separate from the 
probe, a small plateau of constant force is formed. This phenomena only occurred during the highest 
crosshead speed that was used for compression, 25 mm/min.  
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5.4 Hardness Measurements 
 Previously stated, hardness is the measure of the resistance to deformation, which is calculated 
as the peak force of force-deformation curves. It plays a crucial role in not only the mouthfeel of ice 
cream, but in the ability to scoop it or dig into it with a utensil. The hardness measurements were 
carried out using two different steel testing probes found to be used in most documented 
experimentation, a 60° cone and a 45° knife blade. The 60° cone was found to be the standard probe 
used for foams, while the 45° knife blade was found to be the standard probe used in the quality 
inspection of ice cream.  
 
Figure 30- Hardness test results for 60° cone probe at 25 mm/min 
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Figure 31- Hardness test results for knife blade probe at 25 mm/min 
 The force deformation curves for the two different testing probes can be seen above in Figures 
30 & 31. Hardness values of ice cream for 10% plain, 12% plain, and 12 % chocolate for the cone probe 
were respectively 9.28 N, 8.71 N and 16.28 N. Similarly, hardness values of ice cream for 10% plain, 12% 
plain, and 12 % chocolate for the knife probe were respectively 17.99 N, 28.49 N, and 35.08 N.  
 Hardness simulates not only the scoopability of ice cream, but how easy it is to cut extruded ice 
cream into novelties such as bars and cakes. The knife probe data shows that as milkfat percentage 
increases, the hardness of the ice cream increases, making it more difficult to manufacture and process 
ice creams with higher milkfat compositions. Similarly, the chocolate ice cream displayed smaller 
hardness values than the regular ice cream, indicating it is more difficult to manufacture plain ice cream 
than chocolate ice cream. 
 Because each hardness probe acts differently upon the sample, different results were found 
from the 60° cone probe. This can be correlated to the different shape of the probe tip, which has a 
different effect on the measurement of the ice cream. For the cone probe, chocolate displayed 
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considerably higher hardness values compared to the plain ice cream, and the hardness values for the 
12% milkfat and 10% milkfat ice creams were very similar.  
 
5.5 Advanced Textural Analysis 
Advanced Textural Analysis was done three times on three different ice creams, 12% plain, 12% 
chocolate, and 10% plain in order to determine textural differences found due to milkfat composition 
and flavor. Each formulation of ice cream was tested 3 times at a crosshead speed of 17.5 mm/min, 
which was used for ease in controlling the multiple step testing process. The graphs for all three textural 
analysis can be seen below.  
 
Figure 32- Advanced texture analysis of 12% chocolate done at 17.5 mm/min 
 
Figure 33- Advanced texture analysis of 10% plain done at 17.5 mm/min 
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Figure 34- Advanced texture analysis of 12% plain done at 17.5 mm/min 
 
 The first trend that was noticed during the advanced textural analysis was the peak height 
calculated during the first compression, which also relates to the hardness of ice cream, increased as the 
milkfat composition increased. While the 10% plain ice cream exhibited a peak force of 28.08 N, the 12% 
plain ice cream exhibited a peak force of 41.03 N. This can be attributed to the structural components 
provided by the fat in ice cream. The 12% chocolate ice cream showed a similar high peak force to that 
of the 12% plain ice cream, with a value of 44.93 N. Differences between the hardness values calculated 
using the two probes and hardness values calculated from the advanced texture analysis can be related 
to not only the difference in the probes (advanced texture analysis was done using a flat compression 
probe), but to the difference in crosshead speed utilized for the advanced texture analysis. In a report 
studying the Instron parameters and sample preparation effects of hardness and springiness values on 
tofu, Yuan (2007) determined that crosshead speed of 100 mm/min and a 75% penetration should be 
used for ideal and comparable results. This was not possible due to the inability to control the tests at 
such high speeds and penetration percentages. The calculated values for the advanced texture analysis 
can be seen in Table 5 below. 
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Table 5- Results of advanced texture analysis 
 
 As previously stated, resilience is the instantaneous recovery of the sample during the first 
compression. The resilience is a good measure of the texture/mouthfeel ice cream exhibits since an ice 
cream with a higher resilience will demonstrate a more elastic behavior in the mouth. From the data, it 
can be seen that as milkfat composition increases, the resilience decreases. Similarly, chocolate has a 
lower resilience than plain ice cream.  
 While resilience is the instantaneous recovery of the sample during compression, springiness is 
the recovery of the sample after the first compression and before the second compression (known as 
the wait time). Springiness is therefore dependent on the time between both compressions, where a 
higher wait time corresponds to a higher springiness. Rather than measuring the texture of the sample 
(miniscule wait time between compressions when chewing), this property is important for 
manufacturing purposes. It can serve as a reference for the elastic recovery expected during 
manufacturing processes such as extruding or packaging. From the data, it can be seen that the 
springiness of the 12% plain ice cream is only slightly lower than the 10% plain ice cream (little effect 
due to milkfat) but much lower than the chocolate ice cream (big effect due to flavor). 
 10% Plain 12% Plain 12% Chocolate 
Force 1 (N) 28.08 41.03 44.93 
Area 1 (N*s) 642.29 1202.69 1312.61 
Area 2 (N*s) 400.80 582.59 759.15 
Area 3 (N*s) 423.66 843.63 986.79 
Area 4 (N*s) 221.42 359.06 325.82 
Length 1 (s) 34.11 47.70 28.41 
Length 2 (s) 15.03 20.15 22.30 
Resilience 0.52 0.43 0.33 
Springiness 0.44 0.42 0.78 
Gumminess (N) 17.52 19.88 25.99 
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 Gumminess can be described as the energy or force required to disintegrate a semi-solid food 
product. Since ice cream is a viscoelastic material, it behaves as both a solid and a liquid, it can be 
described as a semi-solid food product and can be characterized by gumminess. The gumminess values 
for the 10% plain ice cream were found to be less than that of the 12% plain ice cream, while the 
chocolate ice cream displayed the highest gumminess values. Gumminess is a good indication of texture 
as it describes the viscoelastic behavior of the ice cream while chewing, where values too high represent 
a very solid, dense body and values too low represent a very light, runny ice cream.  
 The advanced texture analysis is utilized in the food industry to determine key characteristics of 
a variety of foods. Manufacturers utilize this data in order to develop and optimize different 
formulations of food products. While little advanced texture analysis has been done on ice cream due to 
its melting characteristics, similar food products have been tested using the same procedures. A force 
vs. time curve of tofu undergoing a similar texture testing procedure is shown in Figure 35. While the 
wait time is longer in the test, similar hardness results can be seen. Texture and body wise, tofu is 
similar to ice cream due to the fact that both are essentially foams. Tofu is made from coagulating soy 
milk, so while it doesn’t contain the same milkfat content, it is usually denser than ice cream due to the 
overrun present in ice cream. This increase in density leads to an increase in strength shown below.  
 
Figure 35- Advanced texture analysis of tofu (blue) (TPA, 2014) vs. advanced texture analysis of chocolate ice cream (orange) 
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6.0 Conclusion and Recommendations  
 The differences in viscoelastic properties of ice creams with different formulations of milkfat 
percentage and flavor were clearly observed through a variety of mechanical tests. Through viscosity 
measurements of the liquid mixes, a trend of increasing viscosity with increasing milkfat was observed. 
Similarly, the compression tests done at the highest crosshead speed of 25 mm/min highlighted an 
increasing elastic modulus and compressive strength with increasing milkfat composition. The lower 
crosshead speeds produced mixed compression results due to the effects of melting, which were 
dominant in the 12% plain and chocolate ice creams due to the decrease of stabilizers present in their 
formulation. Melting was also a dominant factor in the stress relaxation tests, where the measured 
stress relaxation times were highly dependent on melting as compared to calculated theoretical 
relaxation times.  
 The data from the hardness tests depended on the type of probe, leading to mixed results. For 
the knife blade probe and advanced texture analysis (flat compression probe), the two most common 
ways to test the hardness of ice cream, increasing milkfat percentage led to increased hardness. This 
implies that during the manufacturing process that involve the compression or cutting of ice cream, it is 
easier to process ice creams with lower milkfat compositions. For the 60° cone probe, the change in 
milkfat had very little effect on the hardness, where similar hardness values were found for the 10% and 
12% plain ice cream. The last trends found between the change in milkfat compositions were observed 
in the advanced texture analysis, where an increase in milkfat % lead to a slight decrease in springiness 
and resilience, and an increase in gumminess. Taking into account the differences found in milkfat 
compositions, an increase in milkfat corresponds to an increase to the body and texture at the expense 
of decreasing the ease of processing.  
 Pertaining to the change in flavor, the 12% chocolate ice cream exhibited a similar compressive 
strength but higher elastic modulus than the plain ice cream during the compression tests done at 25 
51 | P a g e  
 
mm/min. The chocolate ice cream also exhibited higher mix viscosity values than the plain ice cream, 
corresponding to an increase in pumping power required for chocolate ice cream. The hardness values 
were dependent on the probe that was used, where the 60° cone probe and advanced texture analysis 
(flat compression probe) resulted in higher hardness values for chocolate ice cream and the knife blade 
probe resulted in a higher hardness value for plain ice cream. Finally, the advanced texture analysis 
proved that the chocolate ice cream was higher in gumminess and springiness, while lower in resilience. 
These differences lead to the conclusion that while plain ice cream is more suitable for processing, 
chocolate ice cream consists of a better body and texture.  
 When it comes to optimizing both the manufacturing and textural properties of ice cream, some 
sacrifices may need to be made. For example, to decrease the melting effects that were present in the 
higher milkfat ice creams, more stabilizers can be used. These stabilizers decrease the melting rate and 
help control ice crystal growth, but take away from the desired natural taste and texture that higher 
milkfat ice creams consist of. The optimization also takes into account the specific desires of the 
consumers and manufacturers. If a denser ice cream is desired, less overrun and higher milkfat 
percentages ae needed. If a lighter ice cream is need, lower milkfat percentages and higher overrun are 
necessary. Most optimized ice creams contain combinations of these studied parameters in order to 
satisfy a large number of textural and processing characteristics.  
 Due to the accuracy of the data being affected by the conditions of the experiment such as 
temperature, a more controllable environment is recommended in order to obtain more accurate 
results. A temperature controlled room for the preparation of samples and the performance of tests 
would provide better results.  
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Appendix A: Presentations 
Ice Cream Technology Conference 
 
Our team was invited by the Vice President of Regulatory and Scientific Affairs for the International 
Dairy Foods Association (IDFA), Cary Frye, to present our research at the 2015 Ice Cream 
Technology Conference. The conference was held at the Vinoy Renaissance Hotel in St. Petersburg, 
Florida. At the conference, we met engineers and professionals in the ice cream industry and 
shared our project results in the form of a poster.  
 
 
Figure 36-Poster presented at IDFA’s 2015 Ice Cream Technology Conference 
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Project Presentation Day & ASM International 
 
April 23, 2015 was Project Presentation Day. At the Mechanical Engineering poster presentation 
session, our team was scored among the top three Materials Engineering projects and invited to 
present at a dinner to the central Massachusetts chapter of ASM International, the Materials 
Information Society.  
 
 
Figure 37- Poster presented to the central Massachusetts chapter of ASM International 
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Appendix B: Stress vs Strain Curves 
 
Figure 38- Stress vs Strain Curve for all Samples at a Strain Rate of 10 mm/min 
 
 
 
 
Figure 39-  Stress vs Strain Curve for all Samples at a Strain Rate of 17.5 mm/min 
57 | P a g e  
 
 
Figure 40- Stress vs Strain Curve for all Samples at a Strain Rate of 25 mm/min 
 
Values for stress and strain were calculated using the Force vs Time Data collected for the Instron 
Universal Testing Machine (UTM), the known feed rate (crosshead speed) for the UTM, and the 
known sample dimensions.  
 
Sample Dimensions: Height = .028566m, Area=.001075m2 (Calculated from SolidWorks Model) 
 
𝑆𝑡𝑟𝑒𝑠𝑠 =
𝑀𝑒𝑎𝑠𝑢𝑟𝑒𝑑 𝐹𝑜𝑟𝑐𝑒
𝑆𝑎𝑚𝑝𝑙𝑒 𝑎𝑟𝑒𝑎
,    𝑆𝑡𝑟𝑎𝑖𝑛 =
𝐶𝑟𝑜𝑠𝑠ℎ𝑒𝑎𝑑 𝑠𝑝𝑒𝑒𝑑 ∗ 𝐸𝑙𝑎𝑝𝑠𝑒𝑑 𝑡𝑖𝑚𝑒
𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑠𝑎𝑚𝑝𝑙𝑒 ℎ𝑒𝑖𝑔ℎ𝑡
  
 
Elastic Modulus was calculated using data points in the linear portion of each graph using the 
following equation for data points (strain a, stress a) and (strain b, stress b): 
 
 
𝐸𝑙𝑎𝑠𝑡𝑖𝑐 𝑀𝑜𝑑𝑢𝑙𝑢𝑠 (𝐸) =
𝑠𝑡𝑟𝑒𝑠𝑠 𝑏 − 𝑠𝑡𝑟𝑒𝑠𝑠 𝑎
𝑠𝑡𝑟𝑎𝑖𝑛 𝑏 − 𝑠𝑡𝑟𝑎𝑖𝑛 𝑎
 
 
Additional stress-strain data and force vs. time data for the compression tests can be found in 
the attached compression folder.  
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Appendix C: Additional Stress Relaxation Curves 
Stress Relaxation Curves after 17.5 mm/min tests: 
 
 
Figure 41- Relaxation curve for 5% Plain Mix after a Compression strain of 17.5 mm/min 
 
 
 
Figure 42- Relaxation curve for 10% Plain Mix after a Compression strain of 17.5 mm/min 
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Figure 43- Relaxation curve for 12% Plain Mix after a Compression strain of 17.5 mm/min 
 
 
 
 
Figure 44- Relaxation curve for 12% Chocolate Mix after a Compression strain of 17.5 mm/min 
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Stress Relaxation Curves after 10 mm/min tests: 
 
 
Figure 45- Relaxation curve for 5% Plain Mix after a Compression strain of 10 mm/min 
 
 
 
 
Figure 46- Relaxation curve for 10% Plain Mix after a Compression strain of 10 mm/min 
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Figure 47- Relaxation curve for 12% Plain Mix after a Compression strain of 10 mm/min 
 
 
 
Figure 48- Relaxation curve for 12% Chocolate Mix after a Compression strain of 10 mm/min 
 
 
Additional stress relaxation data can be found in the attached stress relaxation folder. 
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Appendix D: Additional Hardness Data 
 
Additional hardness data can be found in the attached hardness folder.  
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Appendix E: Advanced Texture Analysis Calculations 
Advanced texture analysis calculations were done in Microsoft Excel using the Force vs Time data 
collected during experimentation. 
FORCE 1 and other local maxima and minima were found using the MAX() ans MIN() excel functions 
respectively 
LENGTH 1 and LENGTH 2 were calculated using the difference between time data points at the 
found maximum and minimum values. 
AREA 1, AREA 2, AREA 3, and AREA 4 were calculated using a 2 step process, first the trapezoidal 
area between data points (time a, force a) and (time b, force b) was calculated using the formula: 
 
𝑓𝑜𝑟𝑐𝑒 𝑎 ∗ 𝑓𝑜𝑟𝑐𝑒 𝑏
2
∗ (𝑡𝑖𝑚𝑒 𝑏 − 𝑡𝑖𝑚𝑒 𝑎) 
 
These values were summed using the excel SUM() function for the time period corresponding to 
each area. 
Additional advanced texture analysis data can be seen in the attached advanced texture analysis folder.  
